New efficient and thermally stable NLO-chromophores 3-5 based on a 5-alkoxy-2,2´-bithiophene donor π -conjugated bridge and a phenylazo acceptor moieties were synthesized by diazo coupling reactions of 5-alkoxy-2,2´-bithiophenes 1 with substituted aryldiazonium salts 2. Abstract -A series of bithienyl azo dyes has been prepared from their corresponding coupling components, 5-alkoxy-2,2´-bithiophenes. The solvatochromic behavior of the compounds was investigated. The hyperpolarizabilities β of derivatives 3-5 were measured using hyper-Rayleigh scattering and thermogravimetric analysis (TGA) was used to evaluate their thermal stability. The experimental results indicate that, good nonlinearity-thermal stability is well balanced for azo-bithiophene NLO-chromophores 3-5 making them good candidates for NLO applications.
Introduction
During the past decade, the design and synthesis of donor-acceptor substituted hetero aromatic compounds have attracted widespread interest because it was experimentally and theoretically demonstrated that they increase the second-order molecular NLO properties of push-pull chromophores with respect to the corresponding aryl analogues.
1
For the practical application of second-order NLO materials, not only a high hyperpolarizability but also good thermal stability is required. In this respect, promising candidates are (oligo)thiophene derivatives, To the best of our knowledge, no similar dyes containing 5-alkoxy-2,2´-bithiophene conjugated bridges linked to arylazo moieties, have been reported in the literature.
Results and discussion

Synthesis
Usually, thiophene azo dye derivatives are prepared through azo coupling reactions of 2-aminothiophenes, with arylamines. 7a,8a -d,f-g,q,s It is known that, the synthesis of 2-aminothiophene derivatives is troublesome although it is a rather simple heterocycle.
Therefore, we decided to use a different methodology of synthesis in order to obtain new thiophene azo dyes using 5-alkoxy-2,2´-bithiophenes as coupling components which will react with diazonium salts functionalized with acceptor groups.
Thiophene derivatives undergoes electrophilic aromatic substitution much more readily than benzene, but till the work of Tedder 10 et al there have been no reports of thiophene or any thiophene derivatives coupling with a diazonium salt. Even these authors report the synthesis of only four thiophene azo dyes obtained from the coupling of 2-tbutylthiophene, 2-phenylthiophene, 2,4-and 2,5-dimethylthiophene with the very active 2,4-dinitrobenzenediazonium salt.
10
Recently we have developed a method for the synthesis of 5-alkoxy-2,2´-bithiophenes 1 through a combination of the Friedel-Crafts and the Lawesson reactions.
2f
In our recent reactivity study with 5-alkoxy-2,2´-bithiophenes, we noticed that, these compounds are highly reactive towards electrophilic reagents. Moreover, the position of substitution on the bithiophene moiety, depends on the size of the electrophile. 2h In the case of diazo coupling reactions in 5-alkoxy-2,2´-bithiophenes 1, the 5´-position of the thiophene ring was found to be much more reactive than the 4-position, ortho to the alkoxyl group.
Therefore, diazo coupling was made selectively at the 5´-position of bithiophene moiety to give compounds 3-5 in moderate to good yields (27-48%), (Scheme 1, Table 1 ).
These results are in accordance with the selectivity of the reaction of electrofiles with 5-alkoxy-2,2´-bithiophenes as has been shown earlier in the case of tricyanovinylation reactions.
2h
Due to the poor stability of methoxythiophenes in acidic media there are only two recent articles describing the diazo coupling of alkoxythiophenes. Matharu 8u,9f et al obtained several methoxy-substituted azothiophenes using simple, commercially available 2-, 4-or 3,4-methoxythiophenes as coupling components. These investigators used two procedures: in the first an aqueous solution of diazonium chloride was added to the methoxythiophene dissolved in glacial acetic acid containing 4 M NaOH which serve to form the necessary buffer. In the second procedure a diazonium tetrafluoroborate was added to solution of the methoxythiophene dissolved in glacial acetic acid containing anhydrous sodium acetate.
In our work, the synthesis of phenylazo-bithiophenes 3-5 was achieved through the usual way: an aqueous solution of diazonium chloride was added to the alkoxybithiophenes dissolved in acetonitrile containing some drops of glacial acetic acid. The azo compounds synthesized prove to be very stable (all the samples have an unchanged melting point after storage for 4 years).
The structures of bithiophene azo dyes 3-5 were unambiguously confirmed by their analytical and spectral data. In the 1 H NMR spectrum of 5-alkoxy-5´-phenylazo-2,2´- Electronic absorption spectra of all push-pull compounds 3-5 show an intense lowest energy charge-transfer absorption band in the UV-visible region. The position of this band is strongly influenced by the structure of the compounds, for example by the type of substitution pattern in the donor and the acceptor moieties. Dramatic differences in energy occur upon arylazo substitution of bithiophenes 1. For example, bithiophene 1a The influence of the strength of the acceptor group substituted on the arylazo moiety is demonstrated by comparison of the absorption maxima of compounds 4a and 5a as the longest wavelength transition is shifted from 496.0 nm in azo-bithiophene 4a to 509.0 nm for azo-bithiophene 5a (Table 1 , entries 3 and 5 respectively; Figure 1 ). This effect has been attributed to the stabilization of LUMO by the electron-withdrawing groups.
2k <Figure 1>
The impact of the electronic nature of the substituent at 5-position on the bithiophene moiety can be seen by comparing the absorption maxima of compounds 3a and 3b as the longest wavelength transition is shifted from 467.0 nm in azo dye 3a to 471.5 nm for azo dye 3b (Table 1 , entries 1 and 2 respectively).
In general, the stronger the donor and/or acceptor group, the smaller the energy difference between ground and excited states, and the longer the wavelength of absorption. The increase of the β values characteristic of the NLO effects is accompanied by an increase of λ max in the UV-visible spectra, i.e. by a decrease in the intramolecular charge transfer (ICT) values. 2.3. Solvatochromic study of 5´-alkoxy-2,2´bithiophene azo dyes 3-5
In agreement with other solvatochromic studies for heteroaryl-azo dyes, the increase of the electron-withdrawing strength of the substituent of the diazo component and/or the increase of the electron-donating strength of the coupling moiety was found to cause pronounced bathochromism.
3e,11
In general, red shifts in absorption were accompanied by positive solvatochromic shifts. Especially noteworthy is the extremely large positive solvatochromism exhibited by 5-acceptor-substituted 2-amino-or 2-alkoxy-(oligo)thiophenes making these compounds good indicators for measuring the polarity of solvent. 2i,12 This red shift, suggests an increase of molecular hyperpolarizability, accordingly to theoretical and experimental NLO studies. In order to investigate whether compounds 3-5 could act as suitable probes for the determination of solvent polarity , we made a preliminary study of the absorption spectra of azo dye compounds 3-5 in 3 selected solvents of different solvatation character (ethanol, DMF and DMSO) ( showed the longest shifts in wavenumber maxima. Therefore, 3a-b and 4a were submitted to a full solvatochromic study involving 12 solvents. Because of the pronounced solvatochromism, (3a, Δν max = +1271 cm -1 ; 3b Δν max = + 1115 cm -1
; 4a,
), good correlation with π* values by Kamlet and Taft 13 for the solvents investigated and the long wavelength absorption in the visible range, 3a-b and 4a seemed to be very appropriate solvent polarity indicating dyes (Table 3) .
2.4. Non-linear optical properties and thermal stability of 5´-alkoxy-2,2´bithiophene azo dyes 3-5
We have used the hyper-Rayleigh scattering (HRS) method [14] [15] to measure the first hyperpolarizability β of 5´-alkoxy-2,2´bithiophene azo dyes 3-5 using the 1064 nm fundamental wavelength of a laser bean. Dioxane was used as solvent, and the β values were measured against a reference solution of p-nitroaniline (pNA) [16] [17] in order to obtain quantitative values, while care was taken to properly account for possible fluorescence of the dyes (see experimental section for more details). The static hyperpolarisability β values were calculated using a very simple two-level model neglecting damping. They are therefore only indicative and should be treated with caution (Table 4 ).
The experimental results obtained for the nonlinearieties β of chromophores 4a and 5a-b show that, compounds having strong acceptor groups at the para position of the aryl ring, CN and NO 2 , exhibit the highest β values (Table 4 , entries 3, 4 and 5 respectively).
Compounds 3a and 4a having the acceptor carboxylic group at the meta position of the aryl ring exhibit the lowest β and β 0 values (Table 4 , entries 1and 2 respectively).
Comparison of the β values for the azo derivatives containing a methoxyl group substituted at the 5-position of the bithiophene donor moiety (3a and 4a) leads to larger nonlinearities than the substitution by the etoxyl group at the same position of the bithiophene units (3b and 4b). Azo dyes 3-5 exhibit high molecular nonlinearities as their values are 13-16 times higher that the well known pNA molecule for an incident laser wavelength of 1064 nm (the corresponding β 0 values are 2.5 to 4 times higher than that of pNA).
<Table 4>
The thermal stabilities of the chromophores 3-5 were investigated by thermogravimetric analysis under a nitrogen atmosphere, measured at a heating rate of 20 º C min -1 ( 
Conclusions
In summary, we have achieved the first synthesis of a series of 5-alkoxy-2,2´-bithiophene azo dyes 3-5 from easily available 5-alkoxy-bithiophenes 1 and low cost, commercially available anilines. Simple work-up procedures produce moderate to good yields of these derivatives.
By comparing the several different synthesized derivatives, it can be shown that the withdrawing group on the phenylazo moiety and the type of substituent on the 5´-position of the bithienyl π-conjugated bridge have significant influence on the linear and nonlinear optical properties of these compounds. Compounds 3-5 exhibit dramatic changes in their optical properties in comparison to 5-alkoxy-2,2´-bithiophenes 1.
The solvatochromic behavior of compounds 3-5 was determined by regression analyses of absorption maxima in several solvents of different polarity. Due to their pronounced solvatochromic properties azo dyes 3-5 could be used as solvatochomic probes.
Hyper-Rayleigh scattering was used to determine the first hyperpolarisability, β, the data showing that β is dependent on the alkoxyl groups substituted on the bithiophene moiety and on the strength and position of substitution (meta or para) of the withdrawing group on the phenylazo moiety. The results also show that, azo dyes 3-5 have significant molecular nonlinearities, their values being 13-16 times higher that the well known pNA molecule for incident laser wavelength of 1064nm.
Thermal stability of chromophores 3-5 was estimated by thermogravimetric analysis.
Experimental results for compounds 3-5, indicate that good nonlinearity-thermal stability is well balanced for these chromophores, which possess β values from 220 x Light petroleum refers to solvent boiling in the range 40-60 ºC. The synthesis of 5´-alkoxy-2,2´-bithiophenes 1 was described elsewhere. , 527, 640, 658, 677, 695, 707, 722, 757, 786, 818, 876, 917, 936, 999, 1040 1057, 1077, 1096, 1157, 1206, 12212, 1257 1280, 1309, 1358, 1375, 1424, 1454, 1489, 1526, 1556, 1584, 1596, 1679 
(12030). IR (KBr)
ν 502
5-Ethoxy-5´-(3´´-carboxyphenylazo)-2,2´-bithiophene (3b). Orange brownish solid (48%). Mp > 195 o C (with decomposition). UV (acetone):
478.0 (46,600). IR (KBr) ν 525, 570, 624, 638, 658, 676, 694, 708, 732, 759, 778, 794, 815, 876, 907, 998, 1037, 1058, 1079, 1109, 1158, 1214, 1230, 1257, 1281, 1297, 1361, 1374, 1388, 1415, 1449, 1481, 1521, 1556, 1585, 1594, 1693 105.4, 112.7, 118.7, 122.5, 123.0, 123.3, 124.8, 133.1, 135.8, 144.3, 154.5, 156 .6, 69.7, 106.2, 112.6, 118.7, 122.4, 123.0, 123.5, 124.9, 133.1, 135.8, 144.5, 154.5, 156.2, 167.3 , 687, 775, 792, 846, 855, 981, 1017, 1056, 1107, 1148, 1207, 1238, 1263, 1326, 1365, 1419, 1518, 1544, 1586, 1602 4, 105.4, 122.6, 123.0, 123.2, 124.7, 125.0, 136.3, 144.8, 144.8, 155.9, 156.3, 168.4 (external reference method). The hyperpolarizability of pNA dissolved in dioxane is known from EFISH measurements carried out at the same fundamental wavelength. [16] [17] The concentrations of the solutions under study were chosen so that the corresponding hyper-Rayleigh signals fell well within the dynamic range of both the photomultiplier and the box-car integrator. All solutions were filtered (0.2 µm porosity) to avoid spurious signals from suspended impurities. The small hyper Rayleigh signal that arises from dioxane was taken into account according to the expression ( ) 
This allows us to determine if fluorescence is present and to reliably correct for its presence provided that the integrated contribution is less than 80% of the total detected signal within the temporal gate of the box-car integrator (25 ns). When using the "narrow" band filter the estimated fraction of the total detected signal due to fluorescence is listed in the following We estimate that the error associated with the above values is less than 25% of the value quoted.
Thermogravimetric analysis of compounds 3-5
Thermogravimetric analysis of samples was carried out using a TGA instrument model Q500 from TA Instruments, under high purity nitrogen supplied at a constant 50 mL Table 1 . Yields, UV-vis and IR absorption spectra of 5-alkoxy-2,2´-bithiophenes 1 and 5-alkoxy-2,2´-bithiophene azo dyes 3-5.
a All the UV-vis spectra were recorded in ethanol.
b All the IR spectra were recorded in KBr. a Experimental hyperpolarizabilities and spectroscopic data measured in dioxane solutions.
b All the compounds are transparent at the 1064 nm fundamental wavelength. UV-vis absorption spectra of compounds 3a, 4a a n d 5a in dioxane.
